We have modified the synthetic linker mutagenesis procedure (1,2) in order to facilitate both the construction and the analysis of deletions, insertions and clustered point mutations generated in DNA _in vitro. The protocol as originally described by McKnight and King"sbury (1) involved attaching a synthetic linker sequence to each 5' or 3' deletion endpoint in DNA. We have designed specific plasmid vectors that can be used to generate nested sets of deletion mutations in the DNA being analyzed. The utility of these vectors is that a linker sequence of choice can be inserted at the endpoint of a deletion in a single intramolecular ligation without the use of synthetic linker DNA. In a second modification of the original procedure, we have adopted a rapid method for sequencing supercoiled plasmid DNAs from 10 ml cultures by primer extension. The site-directed mutagenesis strategy outlined here is suited for studying regulatory regions of DNA, such as origins of DNA replication, transcriptional promoters, enhancer elements, and activator binding sites. We have used this rapid and efficient strategy to generate deletions, insertions, and clustered point mutations in the transcriptional control region of a gene encoding the major human ribosomal RNAs.
INTRODUCTION
One major practical impact of molecular cloning has been the ease with which specific DNA sequences can be isolated from complex eukaryotic genomes in quantities large enough to permit subsequent analysis. For example, the ability to generate useful quantities of specific DBA sequences has allowed the development of a variety of in vitro site-directed mutagenesis techniques. Once a specific region of the genome has been cloned and subjected to _in vitro site-directed mutagenesis, the modified DNA sequence can be assayed for biological activity by introducing the DNA back into an appropriate host, either by transfection, transformation, or microinjection. Alternatively, if a biochemical assay is available, the mutagenized DNA fragment can be tested for function directly in vitro.
Of the many site-directed mutagenesis procedures available, the generation of deletion mutations has proved to be the most simple and useful, especially when the target region is between 50-500 base pairs.
For example, regions of the genome that specify transcriptional regulatory sequences or origins of DNA replication are amenable to deletion analysis as a first step in identifying specific sequence requirements with a given function. However, the utility of deletion mutagenesis is limited in terms of resolution; it is not possible, for example, to assess the individual contribution of multiple control sequences in a specific region. In addition, there is the potential of generating new DNA junction sequences within a target region and/or altering the spatial relationship of different sequence domains within a given stretch of DNA, both of which could pose potential problems because the consequences cannot be predicted. Recently, however, a strategy for generating clustered point mutations has been described in which generating mutants is essentially as simple and convenient as constructing deletion mutations (1, 3) . This so-called "linker-scanner" mutagenesis technique overcomes many of the intrinsic problems of deletion analysis as it allows the introduction of small clusters of base substitutions at specific sites in DNA without changing either the orientation or spatial integrity of the target region. However, linker-scanner mutagenesis as originally described requires the construction and sequence analysis of a large number of mutations, each with a specific linker sequence at the deletion endpoint.
Here, we report several modifications of the linker mutagenesis protocol that facilitate generation of deletions, insertions, and clustered point mutations. First, we have constructed plasmid vectors containing a linker cassette that can be used to fuse a synthetic restriction site sequence to the endpoints of deletion via an intramolecular ligation. Second, we have adopted a rapid dideoxy sequencing method using supercoiled plasmid templates to analyze the deletion endpoints. 
RESULTS and DISCUSSION
Construction of Plasmids Containing a_ Linker Cassette. We set out to design a system which would facilitate the isolation of deletion mutations and the construction of clustered point mutations. The first objective was to construct a plasmid that could be used as a generalized vector into which a desired DNA target region could be inserted and deletion mutants generated, each terminating in the same synthetic linker. We reasoned that it would be advantageous if a linker cassette were present in the vector so that, after deletion, the cassette could be fused directly to the deletion endpoint in a intramolecular ligation reaction. To this end, we constructed pBRH/S (and pBRIl/B), a derivative of pBR322, which is shown in Fig. 1A . The major modification consists of inserting a linker cassette sequence containing Hrul and Sad cleavage sites directly adjacent to each other (Fig. 1) . Cleavage of pBRH/S at Brul will allow the exposed Sad linker sequence to be bluntend ligated to blunt ends generated by Bal31 deletion. The advantage of this particular construction of deletion mutants is three-fold:
foremost, these mutants may be recombined directly without the extra step of intermolecular linker ligation, to construct linker scanner Nucleic Acids Research mutations (1,2). Second, fusion of the cassette places the deletion endpoints adjacent to a primer hybridization site in the plasmid which may be used to sequence the mutants by primed dideoxy sequencing (see Methods). Finally, the deletion mutants may be recovered from the plasmid by cleavage with Sad and another appropriate restriction endonuclease.
One potential drawback to the system is that the sites in the linker cassette could be present in the target region. In this case, when the plasmid is cleaved (at Nrul) in order to abut the Sad linker to the deletion endpoint or (at Sad) to construct the linker scanning mutants the target region would also be cleaved. To avoid this problem, we have expanded our system by constructing a second parental vector, pBRN/B (Fig. 1B) , which bears a Bglll linker in the cassette in place of the Sad site and may be used if the target region contains a Sad site or if a 5' protruding end is preferable to the 3' protruding end. In addition, since the Bglll linker is larger (10 bp) and bears a different sequence than the Sad linker, the nucleotides changed using these two linkers would generate different base substitution thereby providing a greater variety of possible mutants. These two vectors should suffice for most cases; however, if necessary, a blunt site other than Nrul could be engineered into a cassette in order to accomodate those target regions that happen to contain an Nrul site.
Use ^f the Vector to Generate Deletions in the Human Ribosomal Promoter.
As a test case for this mutagenesis procedure, we have inserted the human ribosomal transcriptional control region into the vector pBRN/S. Plasmids prHu5N/S and prHu3N/S (Fig. 2) contain the promoter region in opposite orientations, and thus allow the generation of both 5' and 3' deletions each ending with the Sad linker. Deletions were generated in the region surrounding the transcriptional start site (7, 12) by cleaving with BstE II or BamHI and treating with exonuclease Bal 31 as shown in cassette so that the cassette will not be deleted during subsequent Bal 31 digestion. Depending on the occurrence of GC and AT rich regions in DMA, there appear to be preferred stops and pauses for Bal 31 that can lead to hot spots and cold spots for deletion endpoints. We have also used a combination of exonuclease III and S1 nuclease to generate a more random distribution of deletions (13) . The extent of deletion for individual mutant plasmids was approximated by restriction mapping and then confirmed by sequencing across the deletion junction at the SacI site. We have adopted a nodified dideoxy sequencing method to determine the endpoints of deletion using a synthetic primer hybridized directly to supercoiled plasmids prepared from 10 ml cultures. This method is especially rapid because the template DNA need not be CsCl equilibrium gradient purified, linearized, or single-strand isolated and therefore expedites the screening of large numbers of mutants. A map of the deletion mutants obtained is shown in Figure 3 A similar strategy to the one we have described could be employed using a variety of other vectors, in particular the pUC vectors (14) which are derivatives of pBR322 containing the minimal sequences necessary for ampicillin resistance and replication and, in addition, contain a polylinker. A "linker cassette" exists in the polylinker created by the juxtaposition of a Kpnl site and a Smal (pUC18; 15) and may be manipulated in much the same way we have described for our linker cassette.
For example, a target region may be cloned (in both orientations) into another site in the polylinker upstream of the Smal site, deletions generated, and the Kpn site abutted to the endpoint after cleavage with Sma. Of course the same restrictions apply as in our system; the target region should not contain the linker cassette sites and should be closer to the position of deletion initiation than the cassette so that the cassette will not be removed by deletion.
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